Leaks in pipes are a common issue encountered in the water industry. Acoustic methods are generally successful to find and locate leaks in metallic pipes. However, they are less effective when applied to plastic pipes. This is because leak-noise signals are heavily attenuated due to high damping in the pipe-wall and sound radiation into the soil. As result, the leak noise does not travel a long distance. To determine how far leak noise may travel in a pipe at any frequency, the attenuation of the wave responsible for leak noise propagation should be known. In this paper a new method to estimate the attenuation of this wave is described. The method is then applied to some measurements made on a bespoke pipe-test rig in the UK, and the results are compared with theoretical predictions.
INTRODUCTION
There are different ways of estimating the wave attenuation in pipes. Muggleton et al [1] have investigated analytically expressions to predict the wavenumber in buried pipes for leak detection problems. The wavenumber is a frequency dependent complex quantity, which real part gives us the velocity at which the wave propagates, and imaginary part which gives us the attenuation factor which is responsible for how far a wave can propagate along the
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11 International Conference 1-3 July 2013 Pisa th pipe. Hence, if the wavenumber can be predicted then the wave attenuation can be also estimated. Measurements can be carried out to determine the wavenumber in pipes too [2, 3] .
The aim of this paper is to investigate a new technique to estimate the wave attenuation in-situ, in buried pipes. This technique is based on the envelope of the crosscorrelation function between two measured vibration signals. An advantage of the method is that it can also be used in the presence of a leak, which could potentially affect the estimate of wave attenuation. Figure 1 shows a schematic of a pipe with a leak between the measurement positions 1 and 2, together with actuators and sensors attached to each measurement position. In this technique, two measurements are carried out. An actuator is attached to one of the measurement positions forcing the structure to vibrate. The resulting vibration is measured using two sensors, one mounted next to the actuator and the other mounted at the next available access point. If there is coherence between the two measured signals, the crosscorrelation function can then be calculated. Moving the actuator to the next access point, but keeping the sensors in position, the procedure can then be repeated but now the wave propagates in the opposite direction. The procedure to calculate the wave attenuation in dB/m for the section of the pipe involves some manipulation of the cross-correlation functions, including the determination of their envelopes using the Hilbert transform [4] . Moreover, an estimation of the maximum distance that the leak noise would travel at each frequency can be calculated.
Based on the work by Gao et al [5] , an analytical model of the cross-correlation function is used to demonstrate the methodology proposed in this paper. Data from the experimental pipe-rig located at Blithfield Reservoir are used to show the efficacy and applicability of the new technique. A brief description of the Blithfield pipe rig is given in the next section.
THE UNDERGROUND PIPE RIG DESCRIPTION
The pipe rig is located at the Blithfield reservoir in Staffordshire, UK. Figure 2 shows a schematic side-view highlighting the access points. The pipe is buried in an open field close to the South Staffs Water reservoir facility. The pipe is made from high performance polyethylene (HPPE) with Young's modulus of 1×10 9 N/m 2 . The pipe rig is 120 m long, consisting of section lengths of 10, 20 and 30 metres, which have an outer radius of 80 mm and wall thickness of 9.85 mm. There are 6 access points as shown in Figure 2 . The pipe extremity close to Position 1 is connected to the mains water distribution pipe, which supplies water at a pressure of about 6 bar. At the other extremity the pipe is terminated with a blank. All the access points are set in concrete to provide a rigid support for the pipe connections, while the pipe sections are buried in the ground at a depth of about 0.8 m. Figure 3a shows one of the access points. 
THEORETICAL DEVELOPMENT
Two types of excitation act simultaneously on the pipe. One is the controlled excitation from an actuator, and the other is from the leak. The effect of each excitation on the crosscorrelation function between the two signals measured by accelerometers at positions 1 and 2 is investigated. In this section an analytical model is developed to gain insight into the problem. In the following section, data from measurements carried out on the Blithfield pipe rig will be used to verify the method.
Consider that the pipe is initially excited over a frequency range by the actuator at position 2 such that a wave travels the distance d between positions 2 and 1 and the cross-correlation function between the two signals at these positions is calculated. The pipe is then excited by the actuator at point 1 and the measurement is repeated. The leak between points 1 and 2, however, also generates noise which propagates to the measurement positions, affecting the coherence between the two signals. The frequency response function between a leak and an acceleration measurement on the pipe a distance x from the leak is given by [5]  
where . Although the dynamics of buried fluid-filled pipes are complicated, it has been found experimentally that the predominantly fluid wave dominates the response in this application [6, 7, 8] . If the actuator at position 2 is driven at the same time as there is a leak, the cross-spectral density function 21 () S  between the measurement positions 2 and 1, is given by 
is the time delay due to the leak, 
where into the crosscorrelation. Equation (5) shows that the delta function is further smeared by the introduction of the band-pass filter. According to Eq. (5) there are two possible peaks present in the crosscorrelation function; one due to the leak and another due to the external excitation. In this particular case, where the external excitation source is at position 2, the peak in the cross correlation function related to the external excitation occurs at The system in Fig. 1 is considered with the parameters give in Table 1 , which corresponds to the one of the measurements in the Blithfield test rig. 
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. The product of the envelopes of these cross-correlation functions is then calculated. This has a large peak corresponding to the time it takes for a wave to propagate from the actuator to the sensor, and the peak corresponding to the leak is much diminished. This can be seen in Figure  4b , which is a normalised plot of the product of the envelopes of 
.
If the band-pass filter is broad enough [9] , the envelope of the cross correlation function   
The product of the normalised envelopes can be written as a function of
It can be seen that the envelope given by Eq. (8) is a function of the attenuation factor, which is the unknown quantity to be determined, d which is known and  which can be obtained from the measurements. Two ways of estimating the attenuation factor are proposed here. The first is based on setting Eq. (8) to be equal to 2 1 which is a measurable quantity. In this case the attenuation factor is given by 
Note that if
. In practice, the area A is calculated numerically from measured results and in Eq. (11) 1  is set to the value when the normalized product of envelopes is set to 0.01 to avoid some artefacts in the data due to signal processing.
EXPERIMENTAL WORK
The methods described in the previous section were implemented using experimental data from the Blithfield test rig. As mentioned previously, sensors and actuators were mounted at positions 1 and 2 and the leak was between these positions. Figure 5 shows some photographs of the experimental set-up at Blithfield, the description of which is given in detail in Section 2. Figure 5a shows the instrumentation used at positions 1 and 2, which are 50 metres apart (the details of the transducers and instrumentation are given in Tab. 2). Figure 5b shows the leak, which was generated by opening a small secondary valve attached to a stand pipe which was connected to a hydrant. The main valve shown in Fig. 5a allowed the water contained in the buried pipe to enter the hydrant. The leak was 30 metres away from position 1. The signals from the sensors were captured and digitised using DATS. The actuator was driven using a chirp signal between 20 Hz and 200 Hz, generated by a Hameg signal generator, repeated every 3 seconds. The sampling frequency was 5 kHz and a frequency resolution of 1 Hz was used in the subsequent spectral analysis. Actuator switched on at the highest level with a leak, leak only. Figure 7a shows the cross-correlation coefficient between signals at positions 1 and 2 for three cases; (a) when the pipe is excited at position 2 by an actuator, (b) when the leak only excites the pipe, and (c) when both the leak and actuator act simultaneously to excite the pipe. Comparing Figs. 7a and c it can be observed that the peak in the cross-correlation coefficient reduces when the leak is turned on. This is because the leak marginally dominates the signal at position 1 and the actuator strongly dominates the signal at position 2 as shown in Fig. 6 . Despite this, the peak in the cross-correlation coefficient is similar to that of the time delay due to the wave generated by the actuator as shown in Fig. 7c . Following the calculation of the cross-correlation functions, the envelopes were determined as discussed in the previous section. Figures 8a and b show the results of the two techniques to estimate the attenuation factor discussed in the previous section. With no leak, the attenuation factor was found to be 2.8×10 -4 s/m and 1.9×10 -4 s/m using the half-amplitude and area method, respectively. When a leak was turned on the attenuation factor was found to be 2.5×10 -4 s/m and 1.9×10 -4 s/m using the half-amplitude and area method, respectively. Thus the results show that the leak only has a marginal effect on the estimation of the attenuation factor. The attenuation in the pipe at each frequency in dB/m is given by [5] Attenuation 8.67 
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The attenuation given in Eq. (12) can be determined from a measurement by [5]       12 12 20ln , Attenuation ln 10
Thus, if the frequency response function is calculated from the two accelerometer measurements, then Eq. (13) can be used to determine the attenuation. This is plotted in Figures 9a and b using some experimental data from the Blithfield test rig, when the pipe was excited at positions 1 and 2 when there was no leak. Figures 9c and d show the corresponding results with a leak present. Also plotted is the attenuation calculated using the two methods discussed above using data filtered within the frequency regions shown on the graphs. It can be seen that the half amplitude method gives a better attenuation estimate when the excitation is set at position 1, but the area method gives a slight better attenuation estimate when the actuator is set at position 2. Although both methods give different attenuation estimates, they give in general a reasonable attenuation estimate for the cases presented. It can also be seen that the presence of a leak does not interfere dramatically with the estimation of the attenuation factor. 
CONCLUSIONS
In this paper a method has been proposed to estimate the wave attenuation factor in buried water pipes. This method involves two measurements made by attaching an actuator to two different positions with co-located accelerometers. The technique is based on the envelope of the cross-correlation function of the two measurements. An analytical model has been used to describe and to investigate some of the features of the method enhancing the understanding of its applicability. The technique can also be used in the presence of a leak. Experimental results from a bespoke test rig have also been presented to demonstrate the efficacy of the method. 
